Introduction

Methods and Materials
The pathophysiologic disturbances in acute iron poi-The subjects, 10 female mongrel dogs, were given wasoning are due to the effect of absorbed iron [7] . Shock ter, but no food, for 24 hours prior to the study. Followis the major alteration induced by the absorbed iron ing anesthetization with sodium pentobarbital (30 mg/ [10] . This study was undertaken to determine the se-kg body weight), iron poisoning was induced by the quence and relative importance of the hemodynamic administration of an LD100 dose of elemental iron, events which lead to the development of shock, since 225 mg/kg given as a 25 % aqueous ferrous sulfate soluthese aspects of acute iron poisoning have not been tion [10] . The solution was injected into the duodenum adequately investigated. through a midline abdominal incision (7 dogs) or was instilled in the stomach through a Blakemore tube (3 dogs). The duodenal balloon of the Blakemore tube was inflated to prevent the loss of iron through vomiting. An endotracheal tube was inserted in the trachea to prevent aspiration. Urine was collected through an indwelling catheter in the bladder. Polyethylene catheters were placed in the abdominal aorta (via a femoral artery), the inferior vena cava (via a femoral vein), and the portal vein (via a splenic vein) to permit constant monitoring of systemic blood pressure (BP), central venous, and portal vein pressures. These were measured and recorded with Statham transducers and a Gilson polygraph. Catheters were inserted via the other femoral artery and vein into the abdominal aorta and inferior vena cava to measure cardiac output. For each determination, 0.5-3.0 mg of cardiogreen (5 mg/ml) was injected into the inferior vena cava. Blood was withdrawn from the aorta through a Waters densitometer by a Harvard constant infusion withdrawal pump, and dye curves were recorded on a Sargent recorder. The output was calculated according to the formula of HETZEL [5] . The total peripheral resistance was calculated from the formula [3] :
Peripheral resistance units (PRU) = mean arterial BP (mm Hg) cardiac output (ml/s) Plasma volume and red cell mass were determined simultaneously and independently by a double-labeling radioisotope dilution technique [2] . Plasma volume was determined by injecting 1 ml of human serum albumin labeled with 2.0 microcuries of I 125 . The red cell mass was determined by injecting 1 ml of dog blood containing red cells labeled with 30 JXC of Cr^1. A single blood sample was withdrawn 15-20 minutes after concomitant administration of the mixture of labeled substances. The measurements were made by use of a Volumetron, a semi-automatic electronic blood volume computer [12] .
Arterial pH was measured with a Radiometer pH meter using a Sanz type electrode; for this, blood was collected anaerobically and placed on ice until analyzed. Concentrations of iron in serum and urine were determined by the methods of GOODWIN [10] . Microhematocrit determinations were made with an International microhematocrit centrifuge.
Approximately 20 ml of blood was removed each hour for making measurements, and this was replaced immediately with normal dog blood.
Results
An increase in serum iron concentration, a decrease in arterial pH, and an increase in hematocrit were consistently present at one hour after challenge. Progressive changes in the same direction usually continued until death occurred at 3 to 9 % hours (table I). Severe oliguria developed in 8 of the 10 dogs. These features were consistent with the course of acute iron poisoning as previously described [7, 8, 10] .
Cardiac Output, Total Peripheral Resistance, and Mean Arterial BP At one hour after the injection of iron there was a sharp decline in cardiac output (mean 57 %), a less severe reduction in mean arterial BP (mean 17 % with virtually no change in 3 dogs), and a marked elevation in total peripheral resistance (mean 100 %) (tables III and IV).
Subsequently, the fall in BP did not parallel the decrease in cardiac output and moderately high BP readings were obtained until approximately one-half hour before death. The last values for cardiac output measured approximately one hour before death were less than 25% of the prechallenge level. Total peripheral resistance was elevated throughout the period of observation.
Central Venous and Portal Vein Pressures
Alterations in central venous pressure at one hour (8 animals) were variable. In four animals, no change occurred; in others, there was a decrease of 23-63 %. Subsequently, the former group showed little change, but the pressure in the latter group returned approximately to baseline levels.
The changes in portal vein pressure (6 animals) were also inconsistent. In five animals, there was a significant rise at one hour (mean 36 %) and a subsequent return to near normal levels at the time of the last determinations. In one animal, there was a slight fall at one hour. The final determinations were slightly higher than the baseline values in two and slightly lower in four dogs (tables III and IV).
Plasma Volume, Red Cell Mass, and Total Blood Volume
When measured at one hour, plasma volume decreased (mean 24 %). Serial determinations revealed a progressive decline, and the last analysis showed a volume less than 50 % of the prechallenge level in 7 of the 10 animals. The changes in red cell mass were less marked. There was a slight to moderate increase at one hour and subsequently a return to values similar to or below control levels. With one exception, the algebraic sum of plasma volume and red cell mass (total blood volume) was moderately decreased at one hour (mean 9 %). Serial determinations indicated further reductions and the average preterminal deficit was approximately 30 %. 
Hours
Serial values for the ratio of the peripheral circulation hematocrit (obtained from independent measurement of the plasma volume and red cell mass) to the large vessel hematocrit (obtained from measurement of the hematocrit of venous blood) are presented in table V. Shifts occurred throughout the course of iron poisoning.
Figures 1, 2 and 3 depict hourly mean values of all parameters monitored in the study. The purpose of presenting the material in graphic form is to indicate trends. The graphs should not be used to ascertain the precise changes at given times because, in some instances, data are available on only a few animals (tables I, II and III). [7] presented data on the hemodynamic status of one dog with acute iron poisoning and stated that it was representative of data on three animals. They assumed that the early onset of acidosis in that dog was not related to tissue hypoxia because the cardiac output was not altered at two hours. In each of the 10 dogs we studied, however, we found marked reduction in cardiac output at one hour. Thus, tissue anoxia does provide a satisfactory explanation for the acidosis. Poor tissue perfusion leads to tissue anoxia, anaerobic metabolism, and an accumulation of lactate [6] . Theoretically, decreases in cardiac output can be ascribed to: (a) cardiac failure; (b) a decrease in total blood volume; or, (c) a decrease in effective circulating blood volume [ 1 ] . Congestive heart failure was probably not present because the central venous pressure was not elevated. There was a diminution in total blood volume, but the magnitude was too small to account for the degree of alteration in cardiac output. Thus, the early decrease in cardiac output appeared to reflect a reduction in the effective circulating blood volume, presumably from venous pooling.
Although there was no significant early change, there was a progressive reduction in total blood volume which contributed to the late decline in cardiac output. The magnitude of the reduction in blood volume in fatal iron poisoning has not been assessed previously. The only published data on changes of blood volume were obtained during the course of three nonlethal poisonings [7] , Several investigators have indicated that blood volume studies in dogs are reliable only when red cell mass and plasma volume are measured simultaneously and independently [1, 2, 4] . GRABLE et al. [2] utilized this type of monitoring in a study of hemorrhagic and endotoxic shock and did not find a significant preterminal deficit in total blood volume (mean 7 %). Through the use of this technique, the preterminal deficit in total blood volume in our 10 dogs with acute iron poisoning averaged 30 %. The deficit was primarily the result of a decrease in plasma volume. The mechanism responsible for the reduction in plasma volume in hemorrhagic and endotoxic shock is assumed to be a loss of plasma due to increased intracapillary pressure (capillary stasis) [2] . The magnitude of the change in plasma volume found in dogs with iron poisoning was considerably greater than the loss associated with capillary stasis [2] and suggests the presence of increased capillary permeability unrelated to pressure changes. Elevated levels of vasoactive substances (serotonin and histamine) in plasma have been detected during acute experimental iron poisoning [11] and these substances could produce an increase in capillary permeability. This increase could also be the result of direct contact of iron with blood vessels which can cause cellular injury, for iron particles have been found in the lumen of intestinal vessels of iron poisoned animals [8, 9, 10] .
An increase in the peripheral circulation hematocrit was observed in this study. As hemoconcentration occurs, viscosity is increased and resistance to flow elevated. To what extent these factors played a role in the reduction in cardiac output cannot be estimated because the dynamic relations between myocardial capacity, viscosity, peripheral resistance, and blood flow have not been established in intact animals.
Although shock is a cardinal feature of fatal acute iron poisoning in children, no hemodynamic data obtained on children during acute iron poisoning have been published. Whether the observations made on dogs would apply precisely to children is unknown. One important difference probably exists. In unsplenectomized dogs in shock or in impending shock, there is an influx of blood with a high hematocrit from the spleen. To some extent, the increment in large vessel hematocrit in dogs is the result of this factor. In humans, this mechanism is not operative to any significant degree. Thus, the reduction in total blood volume in children might be far greater than that found in dogs.
Until data on humans are available, therapy must be based upon information gained from animals studied under experimental conditions. This study suggests that the need to restore effective blood volume occurs early in the course of fatal iron poisoning and that the presence of this need cannot be predicted by measuring changes in arterial blood pressure.
